Phosphorylation of the opioid receptor (MOPr), mediated by several protein kinases, is a critical process in the regulation of MOPr signaling. Although G protein-coupled receptor kinases are known to play an essential role in the agonist-induced phosphorylation and desensitization of MOPr, evidence suggests that other protein kinases, especially protein kinase C (PKC), also participate in the regulation of MOPr signaling. In this study, we investigated the biochemical nature and downstream effects of PKC-mediated MOPr phosphorylation. We observed in vitro phosphorylation of the MOPr C terminus by purified PKC. Protein mass spectrometry and site-directed mutagenesis implicated Ser363 of MOPr as the primary substrate for PKC, and this was confirmed in Chinese hamster ovary cells stably expressing full-length MOPr using an antibody that specifically recognizes phosphorylated Ser363. Alanine mutation of Ser363 did not affect the affinity of MOPr-ligand binding and the efficiency of receptor G-protein coupling. However, the S363A mutation attenuated the desensitization of receptor Gprotein coupling induced by phorbol 12-myristate. Our research thus has identified a specific PKC phosphorylation site in MOPr and demonstrated that PKC-mediated phosphorylation of MOPr induces receptor desensitization at the G protein coupling level.
Introduction
Opioid receptors belong to the G protein-coupled receptor (GPCR) superfamily and consist of three structurally distinct subtypes, , ␦, and . Among them, the opioid receptor (MOPr) is the primary target through which most opioid drugs execute their biological effects (Pasternak, 2004) . Similar to other GPCRs, MOPr is subject to a variety of regulatory processes, including agonist-induced adaptive changes at the receptor level, such as phosphorylation, desensitization, internalization, and down-regulation (Law and Loh, 1999) . Adaptive changes of MOPr are believed to contribute to the development of opioid tolerance and dependence (Harrison et al., 1998) .
Research on the adaptive changes in MOPr has shown that receptor phosphorylation plays a critical step in the initiation and regulation other adaptive changes (Yu et al., 1997; Burd et al., 1998; El Kouhen et al., 2001) . Site-directed mutagenesis has revealed multiple sites of phosphorylation of MOPr on intracellular domains of the receptor, with most of them located near the C terminus (Pak et al., 1997; Burd et al., 1998; El Kouhen et al., 2001; Wang et al., 2002; Schulz et al., 2004) . MOPr phosphorylation can be mediated by two types of serine/threonine protein kinases, G protein-coupled receptor kinases (GRKs) Celver et al., 2001) , and second messenger-activated kinases, including protein kinase A (Bernstein and Welch, 1998) , protein kinase C (PKC) (Zhang et al., 1996) , and Ca 2ϩ /calmodulin-dependent protein kinase II (Koch et al., 1997) . GRKs phosphorylate the agonist-occupied receptor and trigger binding of arrestin to the receptor. The binding of arrestin causes receptor desensitization by uncoupling of the receptor from the G protein and promotes receptor internalization by targeting the receptor to clathrin-coated pits . Much less is known about phosphorylation of MOPr mediated by the second messenger-activated kinases. However, these ki-nases, particularly PKC, have been shown to play important roles in regulating MOPr function.
The PKC family contains at least 10 isoforms. Based on requirements for second messengers in the activation of kinases, PKCs are divided into three subfamilies: conventional PKCs, including ␣, ␤, ␤II, and ␥ isoforms; novel PKCs, including ␦, , , and isoforms; and atypical PKCs, including and isoforms (Mellor and Parker, 1998) . The expression of each isoform in the central nervous system has been reported (Battaini, 2001 ). The first evidence for PKC regulation of MOPr was the finding that activation of PKC by PMA increased phosphorylation of MOPr 1 (Zhang et al., 1996) . However, it was unknown which residue was phosphorylated by PKC. Activation of PKC was also reported to attenuate the responses of MOPr to agonist stimulation King et al., 1999) . More recent work suggested that PKC was involved in the agonist-selective desensitization of MOPr (Bailey et al., 2009) . Effects on the development of opioid tolerance of modifying PKC activity (Granados-Soto et al., 2000; Ueda et al., 2001) further support the importance of PKC in the regulation of MOPr signaling. Phosphorylation by PKC potentially resembles that by GRKs for regulating MOPr functions. However, the exact mechanisms are unclear, because PKC can phosphorylate and regulate multiple components in the MOPr signaling pathway, including G proteins (Chakrabarti and Gintzler, 2003) , ion channels (King et al., 1999) , and adenylate cyclase (AC) (Mandyam et al., 2002) . Our limited knowledge about the details and effects of PKC-mediated phosphorylation of MOPr further obscures mechanisms underlying the regulation of MOPr by PKC.
In this study, using site-directed mutagenesis, protein mass spectrometry (MS), and a phosphospecific antibody, we investigated the phosphorylation of MOPr by PKC. We demonstrate that Ser363 near the C terminus of MOPr is specifically phosphorylated by PKC and that this phosphorylation desensitizes MOPr at the receptor G protein coupling level.
Materials and Methods
pGEX-5X-1 vector and glutathione-Sepharose 4B were from GE Healthcare (Chalfont St. Giles, Buckinghamshire, UK). pEGFP-N1 vector was from Clontech (Mountain View, CA), QuikChange mutagenesis kit was obtained from Stratagene (La Jolla, CA). [␥-32 P]ATP (3000 Ci/mmol) was from PerkinElmer Life and Analytical Sciences (Waltham, MA). Rat brain PKC and trypsin were purchased from Promega (Madison, WI). PMA, proteinase inhibitor cocktail, phosphatase inhibitor cocktail, wheat germ agglutinin-agarose beads, and recombinant PKC␣ and were from Sigma-Aldrich (St. Louis, MO). Recombinant PKC ␤II was from Calbiochem (San Diego, CA). Recombinant PKC ␥ and were obtained from Invitrogen (Carlsbad, CA). Anti-MOPr-C20 (rabbit) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-pMOPrSer 363 (mouse) was prepared by Precision Antibody (Columbia, MD). Anti-mouse and anti-rabbit horseradish peroxidase-linked antibodies were purchased from Kirkegaard and Perry Laboratories (Gaithersburg, MD).
Plasmid Constructions. To construct the plasmid expressing GST-fused MOPr-CT proteins (pGEX-5X-1-MOPr-CT), the DNA coding MOPr-CT (residues 340-398) was amplified by PCR from the plasmid containing the full-length mouse MOPr cDNA. The PCR product was then inserted into pGEX-5X-1 vector, in which a GSTtag was fused to the N terminus of the recombinant protein. To construct the plasmid pEGFP-N1-MOPr, the DNA coding wholemouse MOPr without stop codon was amplified by PCR from a plasmid containing the full-length mouse MOPr cDNA. The PCR product was then inserted into pEGFP-N1 vector, in which an EGFPtag was fused to the C terminus of MOPr. To construct mutations, the QuikChange site-directed mutagenesis kit was used to mutate the putative phosphorylation residues to alanine using pGEX-5X-1-MOPr-CT plasmid or the pEGFP-N1-MOPr plasmid as templates. All constructions were confirmed by DNA sequencing.
Expression and Purification of Recombinant GST-Fusion Proteins. pGEX-5X-1 plasmids containing either wild-type (WT) or mutated MOPr-CT were transformed into BL21 Escherichia coli. The bacteria were grown in Luria broth medium containing 100 mg/l ampicillin. Isopropyl-1-thio-␤-galactopyranoside with a final concentration of 0.1 mM was used to induce the expression of recombinant proteins. Recombinant proteins were purified by affinity chromatography using a glutathione-Sepharose 4B column according to the manufacturer's protocol. All GST-fusion proteins were confirmed to have the expected molecular weight by SDS-polyacrylamide gel electrophoresis (PAGE). For MS, purified protein was digested by Factor Xa to release MOPr-CT from the fusion protein.
In Vitro Phosphorylation Assay. Phosphorylation assays were performed according to the manufacturer's protocols. For all of the phosphorylation assays, 10 g of purified protein was incubated with 0.5 l of each protein kinase and 5 Ci 100 M [␥-
32 P]ATP in the corresponding reaction buffer at 30°C for 30 min. Reaction was terminated by adding one-sixth volume of 6ϫ SDS loading buffer and then heating at 95°C for 5 min. Protein samples were resolved by 12% SDS-PAGE. Total protein was quantified by densitometric scanning of the protein band stained with Coomassie Blue. Phosphorylated protein was visualized by autoradiography, and the corresponding radioactivity was measured by scintillation counting.
In-Gel Trypsin Digestion and Matrix-Assisted Laser Desorption Ionization-Time of Flight-Mass Spectrum Analyses. MOPr-CT was incubated with PKC for 30 min under the conditions given above, except that [␥-32 P]ATP was omitted, and then isolated by 12% SDS-PAGE. Protein bands of MOPr-CT were cut from the gel, reduced by incubation with 20 mM dithiothreitol for 1 h at 60°C, and then alkylated by incubation with 50 mM iodoacetamide for 45 min at room temperature. The gel was dried and trypsin-digested following the manufacturer's protocol. Digested protein was extracted with 50% acetonitrile and 0.1% trifluoroacetic acid, desalted with ZipTip c18 , and then mixed at a ratio of 1:1 with 20 mg/ml dihydroxybenzoic acid and 1% phosphoric acid. The processed sample was analyzed by a bench-top matrix-assisted laser desorption ionization-time of flight-mass spectrum (MALDI-TOF-MS) (Omniflex; Bruker Daltonics, Billerica, MA) using a laser at 337 nm as the desorption/ionization source. Ions were accelerated at 19 kV and detected in reflective positive mode. Mass axis calibrations were accomplished by using peaks from trypsin autohydrolysis and human angiotensin II. The fragment ions observed in the mass spectra were analyzed by FindMod (http://ca.expasy.org/tools/findmod).
Cell Culture. Chinese hamster ovary (CHO) cells were grown at 37°C in 5% CO 2 in Ham's F-12 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin. To establish stable cell lines, the cells were transfected with either the wild-type EGFP-N1-MOPr or the S363A mutation plasmid using Lipofectamine 2000 reagent. After a limited dilution and 14 days of selection with 1.4 mg/ml G418 (Geneticin), colonies stably expressing wild type EGFP-MOPr or the S363A mutation were identified by radioligand-binding assay. Stable cell lines with similar receptor expression levels were selected and maintained under 0.6 mg/ml G418 selection pressure for the following research.
Western Blotting. The CHO cells growing in a six-well plate were treated with or without 1 M PMA for 20 min, washed with ice-scold PBS three times, and then lysed by adding 0.8 ml of lysis buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mg/ml N-octyl-Dthioglucopyranoside, 1% NP-40, proteinase inhibitor cocktail, and phosphatase inhibitor cocktail) and incubated on ice for 30 min. The
PKC Phosphorylation and Regulation of MOPr 769
at ASPET Journals on June 25, 2017 molpharm.aspetjournals.org lysate was centrifuged at 14,000g in 4°C for 15 min. The protein concentration of the supernatant was measured using the Bradford assay. Samples containing equal amounts of protein (approximately 250 g) were incubated with 30 l of WGA-agarose beads at 4°C for 1 h with gentle shacking. Beads were washed three times with 1 ml of lysis buffer. The absorbed protein was eluted by adding 40 l of 2ϫ SDS loading buffer and boiled at 85°C for 10 min. Eluate (30 l) was resolved by 8% SDS-PAGE and electrotransferred to a nitrocellulose membrane. The membrane was blocked with 5% milk in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) for 1 h and then incubated with primary antibody diluted in TBS-T containing 5% milk overnight at 4°C. The membrane was washed three times for 10 min with TBS-T, followed by 1 h of incubation at room temperature with horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies at 1:5000 diluted in TBS-T containing 5% milk. Immunoreactive proteins were detected with a chemiluminescent regent.
[ 35 S]GTP␥S Binding. Stable cell lines of CHO expressing either EGFP-MOPr or EGFP-MOPr-S363A were pretreated with or without 1 M drug (DAMGO or PMA) for 20 min then washed with ice-cold PBS three times. Cells were harvested in buffer (50 mM Tris-HCl, pH 7.4, 10 mM EGTA, and 5 mM MgCl 2 ) and homogenized with a hand-held homogenizer. The homogenate was centrifuged at 40,000g in 4°C for 20 min, and the pellet was resuspended in membrane buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol, and 0.1% bovine serum albumin). Cell membranes (30 g of protein) were first incubated with 100 M GDP at 30°C for 10 min, and then incubated with appropriate concentrations of DAMGO (range, 10
Ϫ7
-10 Ϫ10 M) in a final volume of 500 l of assay buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 1 mM EGTA, and 80 pM [
35 S]GTP␥S) for 1 h. Basal binding was measured in the absence of DAMGO. Nonspecific binding was measured by adding 20 M GTP␥S to the assay. The reaction was terminated by the addition of 3 ml of ice-cold 20 mM Tris-HCl, pH 7.4, and the samples were rapidly filtered through glass filter and then washed with 3 ml of ice-cold 20 mM Tris-HCl pH 7.4 three times using a Brandel cell harvester. The amount of [ 35 S]GTP␥S bound to membrane on individual filter disks was then determined by Beckman LS 6500 scintillation counter (Beckman Coulter Inc., Fullerton, CA).
Statistical Analysis. Values are the mean Ϯ S.E.M. of at least three independent experiments. Statistical analysis was carried out using the one-way ANOVA with Tukey post test. In the figures, ‫ءء‬ and ‫ءءء‬ refer to P values of Ͻ0.01 and Ͻ0.001, respectively, compared with wild type.
Results

Ser363 Is the Major PKC Phosphorylation Site at
MOPr-CT In Vitro. To determine whether PKC is capable of phosphorylating MOPr-CT in vitro, both GST and GST-fused MOPr-CT proteins were applied to the in vitro phosphorylation assay. Based on the kinase consensus sequences (NetPhos 2.0 program; http://www.cbs.dtu.dk/services/NetPhos/), 4 putative phosphorylation sites (Thr354, Thr370, Ser375, and Thr379) on MOPr C terminus were chosen and individually mutated to a nonphosphorylatable amino acid, alanine, as indicated in Fig. 1 . When incubated with purified PKC, phosphate incorporation was observed in GST-fused MOPr-CT but not GST, indicating that PKC can directly phosphorylate MOPr-CT in vitro. However, none of the mutations significantly decreased PKC-mediated phosphorylation of the MOPr C terminus (Fig. 2) , which suggested that PKC-mediated phosphorylation occurred at residue(s) other than the four predicted residues. To find these residues, a protein mass spectrometer approach was used. The phosphorylated MOPr C terminus was trypsin-digested and then analyzed by MALDI-TOF-MS (Fig. 3) . The peak at 1967 m/z was identified as the peptide E 349 FCIPTSSTIEQQNSAR 365 , and the peak at 2047 m/z was identified as the monophosphate modification of the 1967 peak (1967 ϩ 80). In addition, a small peak around 1950 m/z was identified as a neutral loss of H 3 PO 4 (2047 Ϫ 98) from peak 2047. All of these data suggest that PKC phosphorylation occurs in the peptide of 1967 Da, which corresponds to in the region from Glu349 to Arg365 of MOPr. This region contains five serine and threonine residues. To identify which of them is phosphorylated, another two mutants, 354A4 and 363A (Fig. 1 ), were constructed and tested by in vitro phosphorylation assay. Mutation of Ser363 significantly decreased the phosphate incorporation by 75% compared with the wild type, whereas mutation of Thr354-SST357 had no significant effect on phosphate incorporation (Fig. 4) . These results demonstrated that Ser363 is the major PKC phosphorylation site at the MOPr C terminus.
Substrate Selectivity of PKC Isoforms on the Phosphorylation of MOPr-CT. PKC is a family of protein ki- Fig. 1 . Schematic representation of MOPr-CT sequence and the mutants. The C terminus residues 340 to 398 of mouse wild-type MOPr are shown in single-letter amino acid codes. The potential phosphorylated residues predicted by software are italicized, whereas those identified by mass spectrometry are underlined. Mutants are named by the position and numbers of mutated residues. The letter A represents the corresponding serine/threonine residue being mutated to alanine, and dashes indicate unchanged residues. nases containing at least 10 isozymes. PKC purified from the rat brain used in the above assay is mainly a mixture of PKC ␣, ␤, and ␥ isozymes. To identify the substrate selectivity of PKC isozymes on MOPr C-terminal phosphorylation, five PKC isozymes, including ␣, ␤II, ␥, , and , were chosen for the in vitro phosphorylation assay. Phosphate incorporation was observed with all five isozymes, which indicates that MOPr-CT serves as the substrate for all five PKC isozymes (Fig. 5A) . However, when the S363A mutated protein was incubated with the PKC isozymes, the extents of phosphate incorporation varied among the different PKC isozymes. PKC ␣, ␤II, ␥, and -mediated phosphorylation decreased by 75%, whereas PKC -mediated phosphorylation only decreased by approximately 25% compared with the wild type (Fig. 5B ). This result suggested that different PKC isozymes may have phosphorylation target preference, and Ser363 serves as the major phosphorylation site for PKC ␣, ␤II, ␥, and , but not for PKC .
Characterization of the Phosphospecific Antibody against pMOPr (Ser363). Based on the in vitro phosphorylation result, rabbit anti-serum against the phosphopeptide that corresponds to the sequence surrounding the phosphoSer363 of MOPr was raised, and the specificity of the antibody (anti-pMOPrS 363 hereafter) was assessed. The recombinant GST-MOPr-CT was incubated with PKC in the presence or absence of ATP. As shown at the top of Fig. 6 , the anti-pMOPrS 363 only recognized GST-MOPr-CT incubated with PKC in the presence of ATP. This result suggested that the antibody is capable of recognizing the PKC phosphorylated GST-MOPr-CT. The antibody signal was completely blocked by adding the antigen phosphopeptide to the blotting system (lane 3), which demonstrated that the anti-pMOPrS 363 does specifically recognize the PKC-mediated phosphorylation of MOPr-CT at Ser363. The presence of equal amounts of GST-MOPr-CT protein in the samples was proved by probing the Western blots with an antibody against MOPr (Fig. 6, bottom) . These results are all based on an in vitro phosphorylation assay. We also examined the PKC-meditated phosphorylation of MOPr using a phosphospecific antibody in CHO cells stably expressing EGFP-tagged MOPr, either wild-type or 363A mutant. The cells were treated with 1 M PMA (PKC activator) or DMSO (control) for 20 min. The cell lysate was partially purified with WGA-agarose beads and then separated by 7% SDS-PAGE. Western blotting with the anti-pMOPrS 363 (Fig. 7 upper  panel) showed that the PMA treatment significantly increased the signal of the anti-MOPrpSer 363 compared with the DMSO Fig. 4 . In vitro phosphorylation of GST-MOPr-CT by PKC. PKC phosphorylated proteins (5 g), including GST and GST-fused MOPr C terminus, were resolved by 12% SDS-PAGE. A, top, represents protein bands stained with Coomassie Blue; bottom, autoradiograph of the same gel. B, the phosphorylation of each protein was measured by scintillation counting and normalized to total protein. Results are expressed relative to phosphorylated wild type protein (100%). Data are presented as means Ϯ S.E.M. (n ϭ 6). ‫,ءءء‬ P Ͻ 0.001 compared with WT (one-way ANOVA with Tukey post test). control. When the Ser 363 was mutated to alanine, the signal of was completely abolished. Thus, in agreement with the in vitro phosphorylation, activation of PKC in the CHO cells also increases the MOPr phosphorylation at Ser 363 , as specifically recognized by the anti-MOPrpSer363. The presence of equal amount of MOPr proteins, both wild-type and mutated, was confirmed by probing the same membrane with the antibody against total MOPr (Fig. 7, bottom) .
Effect 35 S]GTP␥S binding demonstrated that, compared with the wild-type MOPr, the 363A mutant had no significant difference in G-protein coupling of MOPr (EC 50 ϭ 4.57 Ϯ 0.8 nM for wild type versus EC 50 ϭ 2.82 Ϯ 0.9 nM for 363A mutant). Moreover, the wild-type and 363A mutant showed similar responses to the DAMGO-induced MOPr desensitization (percentage of maximum response ϭ 64.5 Ϯ 6.9%, EC 50 ϭ 55.0 Ϯ 5.4 nM for wild type, versus 62.6 Ϯ7.3%, EC 50 ϭ 22.9 Ϯ 5.1 nM for 363A; P Ͼ 0.05), which suggested that the mutation of the PKC phosphorylation site on the C terminus had no effect on the agonist-induced desensitization of MOPr (Fig. 8B and Table 1 ). When the cells were pretreated with PMA, an activator of PKC, the G-protein coupling of the receptor was decreased (percentage of maximum response ϭ 103.3 Ϯ3.1% for DMSO-pretreated versus 73.8 Ϯ 4.4% for PMA-pretreated, P Ͻ 0.001), which suggested that PKC-mediated receptor phosphorylation decreases the capacity of MOPr coupling to G protein. This finding was confirmed by results with the 363A mutant: mutating the PKC phosphorylation site completely abolished the effect of PMA pretreatment (percentage of maximum response ϭ 102.9 Ϯ 1.7% for DMSO-pretreated versus 117.3 Ϯ 5.2% for PMA-pretreated; P Ͼ 0.05) (Fig. 8A and Table 1 ).
Discussion
Previous studies have suggested that phosphorylation of MOPr, especially phosphorylation of its C terminus, plays an important role in the regulation of MOPr functions. Several residues on the receptor can be phosphorylated, including Ser354, Thr357, Ser363, Thr370, Ser375, and Thr394 (Pak et al., 1997; Burd et al., 1998; Wolf et al., 1999; Deng et al., 2000; El Kouhen et al., 2001) . Moreover, multiple protein kinases have been reported to be involved in MOPr phosphorylation, including GRK, PKC, protein kinase A, and Ca 2ϩ / calmodulin-dependent protein kinase II (Zhang et al., 1996 Koch et al., 1997; Kovoor et al., 1997; Bernstein and Welch, 1998) . However, little information is available regarding the specific site(s) and the regulatory effects of PKCmediated phosphorylation of MOPr. In this study, we provide direct evidence that the C terminus of MOPr is a substrate of PKC and that Ser363 is the major site for PKC-mediated phosphorylation. We also show that PKC-mediated phosphorylation of Ser363 interrupts the desensitization of MOPr to G protein coupling. Ser363 was identified as the primary PKC phosphorylation site on the C terminus of MOPr using a combination of in vitro phosphorylation, site-direct mutagenesis, and protein mass spectrometry. A problem with mutagenesis is that a mutation-induced decrease in phosphorylation can be caused either by changing the consensus sequence recognized by PKC or by replacing the real phosphorylation residue. Because MS of the phosphorylated C terminus showed that phosphorylation occurs in the region of Glu349 to Arg365 of receptor, this concern is most likely unimportant in our study. Although there are still four serine and threonine residues in this region besides Ser363, which may potentially be phosphorylated by PKC, mutation of these four residues (354A4) did not affect the C-terminal phosphorylation. This result indicates that PKC phosphorylation of MOPr does not occur on residues other than Ser363, and the S363A-induced decrease of phosphorylation was caused by the replacement of a PKC phosphorylation residue on the C terminus.
Previous studies, cited above, showed that most phosphorylation sites are near the C terminus of the receptor and that phosphorylation of MOPr C-terminal is a critical process in the regulation of MOPr functions. It should be noted that other intracellular domains might also be phosphorylated by PKC. Moreover, several receptor splice variants have also been identified in which the last 12 amino acids at the C terminus of MOPr being examined in the current study are replaced by various lengths of sequences up to 82 amino acids (Pan et al., 1999; Pasternak, 2004) . It is noteworthy that these splice variants differ in agonist-induced receptor phosphorylation, desensitization, and resensitization (Koch et al., 1998; Oldfield et al., 2008) . Because some of the splice variants contain additional serine and threonine residues, which can potentially be phosphorylated by PKC, phosphorylation of these additional residues by PKC may also contribute to the observed differences among the MOPr splice variants. A strategy similar to that used in the current research could be adopted to investigate this possibility in the future.
Another concern about the in vitro phosphorylation study is that a fused protein containing only part of MOPr was used for the assay. The C terminus of MOPr might lack the proper conformation found in the whole receptor expressed in living cells. To address this concern, results of the in vitro PKC phosphorylation were confirmed using CHO cells expressing MOPr and a phosphospecific antibody. Western blotting indicated that activation of PKC in living cells also induced MOPr phosphorylation at Ser363. This demonstrated that Ser363 is a PKC phosphorylation site in the intact receptor.
The initial receptor phosphorylation assay was performed using a PKC mixture containing predominantly ␣, ␤, and ␥ isoforms. To identify whether different isoforms of PKC use the same phosphorylation site, based on previous reports (Kramer and Simon, 1999a,b; Granados-Soto et al., 2000) , five PKC isoforms, including ␣, ␤, ␥, , and , were chosen for the in vitro phosphorylation test. The results revealed that all five isoforms are capable of phosphorylating the MOPr C terminus and that Ser363 serves as the major phosphorylation site for the ␣, ␤, ␥, and isoforms but not for the isoform. However, this experiment did not identify which isoforms of PKC have been activated and are involved in the phosphorylation of MOPr. Moreover, the specificity of the PKC isoforms observed in the in vitro phosphorylation assay may be different from that in intact living cells. A future study using selective activators and/or inhibitors of different PKC isoforms could clarify these issues.
The regulatory effects of PKC on MOPr signaling have been evaluated by monitoring changes in function of several downstream signaling components, including ion channels (Zhang et al., 1996; King et al., 1999) and AC (Mandyam et al., 2002) . However, PKC-mediated phosphorylation can also regulate other downstream signaling components besides the receptor, such as G protein (Chakrabarti and Gintzler, 2003) , AC (Lin et al., 2002) , and ion channels (Breitwieser, 2005; Haller et al., 2008) . Because of this complexity, it remains unclear whether PKC-mediated phosphorylation of the receptor directly contributes to functional changes in MOPr. In the current study, receptor-G protein coupling, the initial step of MOPr signaling, was measured to monitor the activation of MOPr. [
35 S]GTP␥S binding showed that the activation of PKC reduced the capacity of MOPr-G protein coupling, and the decreased coupling was completely prevented by mutating the PKC phosphorylation site on MOPr. This finding supports the idea that PKC-mediated desensitization of MOPr is induced, at least in part, by directly interrupting MOPr-G protein coupling. At present, the exact mechanism of regulation of receptor-G protein coupling by PKC-mediated phosphorylation of MOPr remains unknown. It has been proposed that the binding of ␤-arrestin-2 to the phosphorylated GPCR mainly depends on an increase of bulk negative charge on the intracellular surface of the receptor rather than the precise location of the phosphorylation sites (Gurevich and Gurevich, 2006) . Based on the fact that Ser363 is in close proximity to Ser375, which we have found to be a GRK2 phosphorylation site (B. Feng, unpublished data), a possible explanation is that phosphorylation of Ser363 may also induce the binding of ␤-arrestin-2, thus disrupting receptor-G protein coupling, just as in the GRK-mediated phosphorylation and desensitization of the receptor.
Like desensitization, internalization is an important adaptive change regulated by receptor phosphorylation (Wolf et al., 1999) . Although the regulation of MOPr internalization by PKC was not explored in the current research, it has been reported previously that MOPr with the S363A mutation internalizes faster than the wild-type MOPr (El Kouhen et al., 2001 ). This observation, together with our current finding that Ser363 is the PKC phosphorylation site, suggests that PKC-mediated MOPr phosphorylation may inhibit MOPr internalization. This conclusion is supported by another study that found inhibition of PKC activity to facilitate MOPr internalization (Ueda et al., 2001) . If this is true, it will be interesting to know how PKC affects receptor internalization in a manner opposite to GRK, even both kinases show a similar regulatory effect on MOPr-G protein coupling. One possible explanation is that arrestin adopts a distinct conformation when it binds to the PKC phosphorylated receptor, and that this conformation affects receptor internalization differently from that produced by GRK-mediated phosphorylation. The concept that arrestin adopts a variety of conformations depending on the type of phosphorylation site on the receptor has been supported by studies on two other GPCRs, rhodopsin (Vishnivetskiy et al., 2007) and N-formylpeptide receptors (Key et al., 2003) .
In summary, we have identified for the first time Ser363 as the major PKC phosphorylation site on the MOPr. In vitro assays revealed that this site is specific for PKC ␣, ␤, ␥, and isoforms, but not the isoform. We also provide evidence that PKC-mediated receptor phosphorylation regulates receptor desensitization by direct interruption of receptor-G protein coupling. These findings move us one step closer to understanding the detailed mechanisms underlying PKC regulation of MOPr functions and to overcoming the problems of opioid tolerance and addiction.
